Patients with hepatic failure and liver-based metabolic disorders require management which is both costly and complex. Hepatocyte transplantation has been very encouraging as an alternative to organ transplantation for liver disease treatment, and studies in rodents, show that transplants involving isolated liver cells can reverse hepatic failure, and correct various metabolic deficiencies of the liver. This 2016 review is based on a literature search using PubMed including original articles, reviews, cases and clinical guidelines. The search terms were "hepatocyte transplantation", "liver transplantation", "liver cell failure", "metabolic liver disorders", "orthotropic liver transplantation", "hepatocytes" and "stem cell transplantation". The goal of this review is to summarize the significance of hepatocyte transplantation, the sources of hepatocytes and the barriers of hepatocyte transplantation using a detailed review of literature. Our review shows that treatment of patients with liver disease by hepatocyte transplantation has expanded exponentially, especially for patients suffering from liver-based metabolic disorders. Once hepatocyte transplantation has been shown to effectively replace organ transplantation for a portion of patients with life-threatening liver metabolic diseases and those with liver failure it will make cell therapy effective and available for a broad population of patients with liver disorders.
Introduction and methods
Deteriorating liver function engenders considerable metabolic instability and complications to essential functions such as thermoregulation and acid-base balance leading to acute liver failure (ALF) (1). Presently the only treatment that improves the survival rate in patients with ALF is orthotopic liver transplantation (OLTx). Numerous immunosuppressive agents have increased the success rate of this procedure by rejection prevention. However, the unavailability of donor organs continues to be a major disadvantage. Hepatocyte transplantation has been attempted in order to provide a short term liver support until the suitable organ availability (2). This review was conducted in 2016 on PubMed. We included original articles, reviews, case reports and clinical guidelines. The search terms were "hepatocyte transplantation", "liver transplantation", "liver cell failure", "metabolic liver disorders", "orthotropic liver transplantation", "hepatocytes" and "stem cell transplantation". The goal of this review is to summarize the significance of hepatocyte transplantation, the sources of hepatocytes and the barriers of hepatocyte transplantation using a detailed review of literature.
Sources of hepatocytes

Hepatocyte progenitor cells
Two progenitor cell candidates have been successfully isolated in adult liver: Initially, oval cells were observed a few decades ago particularly at the very early stages of liver carcinogenesis induced chemically (3). Currently, such procedure is a frequently used model for oval cell proliferation induction (4). Oval cells indicated a great success in diseased liver cells replacement, as confirmed by transplantation into the livers of fumarylacetoacetate hydrolase deficient mice. Following transplantation, oval cells were able to repopulate the diseased liver and they were shown to be as effective as mature hepatocytes in liver regeneration (5). Oval cell induction guidelines have also displayed they can differentiate into biliary and hepatocytic cells, indicating characteristics of bipotential oval cells (6). Other indications for oval cells bipotential properties can be given by in vitro studies in which permanent cell lines with oval cell-like protein expression patterns were identified (7). Also, experiments with bone marrow transplantation are evidence that oval cells could migrate into damaged liver (8).
Bone Marrow Derived Stem Cells
It is confirmed that adult non-hepatic stem cells, can differentiate into hepatocytic precursor cells. So, Petersen and associates highlighted that after bone marrow transplantation in rats, hepatocytes were shown in the liver which originated from the donor bone marrow cells (8). This was achieved by bone marrow cells transplantation from normal male rats into dipeptidyl peptidase IV deficient female recipient animals (9, 10). However, newer research indicated that the hepatocytes originating from donor bone marrow derived stem cells were actually had emerged by cell fusion (11).
3. Significance of hepatocyte transplantation 3.1. Hepatocyte transplantation in experimental models with acute liver failure Hepatocyte transplantation efficacy has been analyzed in various animal models with acute liver failure (ALF). The most typically used models include thioacetamide-induced liver failure in rats and rabbits and in galactosamine induced liver failure in dogs, guinea pigs, rabbits and rats. In these studies, hepatocyte transplantation has displayed survival rates of more than sixty percent. Sixty million cells per kilogram body weight have been transplanted in Dgalactosamine-induced acute liver failure animal models with more than sixty percent rate of survival in treated animals' models compared to no survival in untreated controls (12).
Hepatocyte transplantation in patients with liver failure
Established from the pre-clinical data, clinical trials were initiated at various centers. In a trial of cirrhotic patients with hepatocyte transplantation, Hepatocytes were isolated from the cirrhotic livers segments, and transplanted by injection into the portal vein, splenic pulp, splenic artery or splenic vein. Although the injections were well tolerated, some indication of progress in protein synthesis, encephalopathy, and renal function, the eventual clinical result was not significantly altered. This study was an indicator for introducing hepatocyte transplantation into clinics (1). In an additional study, seven patients with acute liver failure were intraperitoneally infused with human fetal hepatocytes. Syngeneic hepatocyte transplantation has been practiced in ALF human patients using human fetal derived hepatocytes. Seven ALF patients of less than two weeks duration who had hepatic encephalopathy grades III or IV without complicating systemic illnesses, underwent hepatocyte transplantation; the initial results indicated that hepatocyte transplantation may be beneficial in ALF patients in grade III or IV encephalopathy. Such e ffects could be linked to their detoxification and metabolic function. Additionally, the transplanted hepatocytes may spread under the hepatotropic factors effect, thereby elevating their total detoxifying and metabolic capabilities (1). Successful bridging of patients to orthotopic liver transplantation through hepatocyte transplantation was reported in yet another study. Three of the five patients in the study were experiencing acute deterioration of chronic liver failure. Three patients were treated by infusing the hepatocytes through portal vein. Only one of the three patients responded to the therapy (13). In another study, intraperitoneal hepatocyte transplantation was carried out on the acute fatty liver of a pregnant twenty-six year old patient who recovered within two days of transplantation (14).
Hepatocyte transplantation in metabolic diseases
Hepatocyte transplantation into the liver corrected deficiency. A five year old child with ornithine transcarbamylase deficiency, urea cycle defect, received one billion hepatocytes and showed improvement clinically (15). In another study, a four year old child with infantile refsum disease received hepatocyte transplantation, which led to abnormal bile acids partial clearance with pipecholic acid reduction to 60% of pre-transplantation levels. The child was able to stand and walk within six months following hepatocyte transplantation (16). In another study, three patients with metabolic defects of liver function had been treated with hepatocyte transplantation. The first patient received one billion hepatocytes and showed improvement clinically, but 42 days after cell transplantation, he died of pneumonia. The second patient was given a hepatocyte transplantation and eventually received an orthotopic liver transplantation. The third patient was transplanted with seven point five billion cells (five percent of hepatic mass) through three infusions percutaneously placed into a portal vein catheter. The child continued to recover eighteen months after hepatocyte transplantation (17).
Barriers of hepatocyte transplantation
Despite clinical trials of hepatocyte transplantation revealing the long-term safety of the procedure, only partial correction of metabolic disorders has been achieved. Although hepatocyte transplantation can be carried out safely in humans, its applicability remains restricted by a number of concerns (19).
The challenge of treating acute liver failure
There are many issues which have affected progress of innovative therapies for treating fulminant liver failure patients (20). The severity of liver dysfunction involves instantaneous function of the transplanted hepatocytes, however, with no clinically relevant disease model (21). The unpredictable nature and the various causes of acute liver failure have also made difficult the assessment of the success rate of novel interventions. So none of these procedures have managed to bring about reversal of hepatic failure to the point where organ transplantation can be avoided (22). Regarding hepatocyte transplantation, interpretation of its capacity has been influenced by the variety of types and numbers of the transplanted cells (23).
The challenge of treating chronic liver disease resulting from cirrhosis
Hepatocyte transplantation for end-stage liver disease is more demanding, because with hepatic architecture abnormalities there can be a risk of reduction in liver function, and transplantation of hepatocytes into the cirrhotic liver portal vein brings a risk of marked portal hypertension (24). Animal studies reveal that transplantation of decompensated liver cirrhosis into the spleens of rats can enhance liver function, and extend survival (25). However, transplanted hepatocytes supplied only transient function (14). It has been proven that the route of hepatocyte installation into the spleen can considerably affect hepatocyte engraftment and function (26). A new technology called organ de-cellularization, where the donor organ cells are removed, leaves the complex combination of structural and functional proteins that account for the ECM, intact. A de-cellularized human or animal liver could function as a biologic, architecturally normal scaffold for transplanted cells (27). The scaffold, repopulated with donor hepatocytes and non-parenchymal cells, could then, through the portal circulation, be vascularized (28).
The challenge of hepatocyte engraftment and treatment of liver metabolic disorders
In native normal and in immune deficient hosts, transplanted hepatocytes seem to poorly survive in the long-term (29). They are, however, able to survive well in patients with particular types of liver disease (30), and when native liver cell expansion is impeded by exogenous interventions (31). This is also evident in allogeneic bone marrow transplantation, in which the host is required to go through a preparative regimen to engender an environment supportive to long-term engraftment. Apoptosis of host bone marrow cells allows macrochimerism to occur following donor hematopoietic stem cells infusion (32) . Consequently, unless conditions can be established that will allow the undergoing hepatocyte transplants survival, the use of hepatocytes for liver metabolic disease treatment may inevitably fail, as observed in various types of liver injuries. It has been proven that liver-directed radiation aids repopulation of the native liver by transplanted hepatocytes, particularly when combined with a hepatic proliferation stimulus (33) . Indeed, supplying only the hepatic proliferation stimulus generally results in mild enhancement of hepatocyte engraftment for as long as sixteen weeks in non-human primates (34, 35) . Host hepatocyte proliferation is usually suppressed by liver-directed radiation-based preparative regimens and promotes post-mitotic hepatocyte death (36) . This strategy has been employed to fully correct rodent models of hereditary metabolic deficiencies of the liver corresponding to primary hyperoxaluria and Crigler-Najjar syndrome (37).
The shortage of human donors
The lack of human hepatocytes source has brought considerable restriction to the clinical application of hepatocyte transplantation. Hepatocytes are primarily acquired from livers incompatible to orthotopic liver transplantation, and unused parts of donor livers used for paediatric recipients. But, sources do not meet the potential numbers required to treat all patients who could benefit from hepatocyte transplantation (38) . A recent study reported that these livers, of unknown quality for whole liver transplantation, could generate acceptable viable quality hepatocytes (39) . The main restriction to incorporating these whole organs is the danger of possible long-term vascular and biliary complications. A number of children suffering from urea cycle disorders have been treated with a little success using cryopreserved hepatocytes (40, 41) . Hepatocytes may also be acquired by growth and differentiation of stem cells (42) . To achieve large numbers is challenging, and there is still the obvious risk of contaminating the enriched population with potentially tumor forming cells. Ideally, the source of stem cells would be derived from the subject to be treated (43) . However, a period of many weeks is required to generate the adequate amount of functional hepatocytes for treatment of liver failure from autologous cells derived from iPS cells, essentially for selection, expansion, differentiation and testing to exclude contamination by tumorogenic precursors. Additionally, autologous hepatocytes would necessitate genetic manipulation in order to treat a metabolic disease and such manipulation could increase the risk of cancer. Thus, numerous unresolved problems make this source of hepatocytes questionable in the use of clinical transplantation in the near future. Finally, many of the challenges of treating liver diseases could be addressed by xenotransplantation of hepatocytes (44) . Hepatocyte xenotransplantation has also been carried out with some success in small animals suffering from hypercholesterolemia (45) . Furthermore, it has been shown that porcine hepatocytes produce albumin for months in native non-human primates (29, 46). Hepatocyte xenograft transplanted rats had improved coagulation parameters, less encephalopathy and survived longer than cirrhotic rats which did not receive hepatocyte xenografts (25). The porcine hepatocytes engrafted and corrected liver failure for approximately two months without the requirement of immune suppression. The hepatocyte xenografts caused sensitisation for the rodent recipients in liver failure. However, already engrafted cells were unharmed by the immune response. So, requirements for suppressing the immune system after hepatocyte transplantation in paediatric liver failure could be exceptionally low (47).
Conclusions
The treatment of liver disease in children, by hepatocyte transplantation has dramatically increased throughout the last ten years, particularly for treatment of liver based metabolic disorders. Considerable progress has been made, however, full realization of its capability has not been attained, and treatment of acute liver failure has been restricted by numerous factors. The obstacles to treating chronic liver failure due to cirrhosis are more extensive. Hepatocyte transplantation can be proven to successfully replace organ transplantation for a number of patients with liver failure and life-threatening liver metabolic diseases.
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